The umbilical cord is vulnerable to a number of insults that may alter cord morphology, diminish cord flow, and ultimately compromise fetal nutrition. Thus, an investigation of the underlying mechanisms of the development of cord morphology and possible pathologies associated with it may provide insight regarding fetal growth in the intrauterine environment and have an impact on later development of the child. To our knowledge, this study, which included 11 980 twins, is the first to report the relative contribution of genes and environment in the development of the cord. Umbilical cord length, insertion, knots, twisting, and number of vessels were examined by trained midwives at birth. Means and percentages of cord characteristics by twin zygosity/chorionicity and gender were calculated. ANOVA and chi-square tests were performed to calculate discordance in cord morphology between dizygotic (DZ), monozygotic monochorionic (MZMC), and monozygotic dichorionic (MZDC) twins. Univariate genetic models were fit to the umbilical cord characteristics to investigate the genetic and environmental influences on umbilical cord morphology. Mainly nonshared environmental but also genetic factors influence umbilical cord morphology. In MZMC male and female twins, a peripheral/marginal cord insertion was significantly (P , 0.01) more prevalent compared to MZDC and DZ male and female twins, respectively. In MZMC male twins, clockwise twisting was significantly (P ¼ 0.02) less frequent compared to DZ twins. Environmental and genetic factors influence cord morphology and pathology. Twin members can experience environmental influences that are not shared between them even in that very early stage of in utero life.
INTRODUCTION
The umbilical cord is the principal connection between the fetus and the placenta, providing the nutrients, oxygen, and fluids necessary for life in utero. The cord and its constituent tissues, an outer layer of amnion, porous Wharton jelly, two arteries, and one vein, are designed to provide and maintain the blood flow to the developing fetus [1] .
Although the umbilical cord is one of the most vital components of the fetal anatomy, it is still one of the leaststudied fetal structures. Given that the umbilical cord is vulnerable to a number of abnormalities that may occur during pregnancy, labor, or delivery, it is important to investigate the underlying mechanisms of the development of cord morphology and possible pathologies associated with it, because this may provide insight regarding fetal growth within the intrauterine environment and its impact on later life.
Some of the morphological aspects of the umbilical cord, such as its length, knots, insertion to the placenta, number of vessels, and twisting, have been associated with pathological outcomes [2] [3] [4] [5] [6] . At term, the typical umbilical cord length is 55-60 cm [4] . Adverse outcomes have been reported with both abnormally long cords (70-80 cm) and abnormally short cords (30-40 cm) [7] . Long or short cords can be the cause of hematomas and thrombosis of cord vessels and the surface of the placenta, thus causing fetal hypoxia, damage to the central nervous system, or even fetal death [8] . Infants with excessively long umbilical cords have a significantly higher likelihood of abnormalities on brain imaging and abnormal neurological follow-up in later life [9] . Results from a recent case report and literature review support earlier findings in which excessively long cords were associated with fetal loss, long-term neurological complications, and fetal thrombotic vasculopathy [10] . In a case-control study looking at infants with a diagnosis of short cords and infants without such a diagnosis, Krakowiak et al. [11] found that infants with short cords were more likely to have congenital malformations, be small for gestational age, and have more adverse outcomes, such as fetal distress and death within the first year of life. Moreover, it has been reported that decreased cord length correlates with depressed intelligence quotient values and psychomotor abnormality [12] .
Less common but with potentially devastating consequences is the occurrence of cord knotting. In a population study of 69 000 singletons, knots were associated with grand multipar- ity, chronic hypertension, hydramnios, cord prolapse, and cord around the neck [13] . Moreover, a fourfold higher rate of antepartum fetal death was associated with these singletons. Airas and Heinonen [14] reported that knots were associated with previous miscarriages, obesity, long cord, and maternal anemia.
Variations in the site of the cord insertion to the fetus and the placenta and its relationship with later development have also been reported. The site of the cord insertion to the placenta is associated with later developmental abnormalities and growth restrictions [15] [16] [17] . These generally are categorized as placental insertions in the center, off the center, on the edge, or in the membranes. An insertion in the center of the placenta is more favorable compared to a marginal one that appears toward the edge of the placenta [18] . The marginal insertion, which is most commonly referred to as velamentous insertion, is the insertion into the membranes. This type of insertion is associated with the worst outcomes.
In a velamentous insertion, the veins traverse the membranes before they come together into the umbilical cord, and the cord inserts into the chorioamniotic membranes rather than on the placental mass. The incidence of this condition is 1.1% in singletons and 8.7% in twins. Moreover, the prevalence of velamentous cord insertion in monochorionic (MC) and dichorionic (DC) twin placentas is higher than in singleton placentas (12% and 7% vs. 2%, respectively) [19] . The presence of velamentous insertion is associated with an increased risk of birth weight discordance, especially in MC twins [20] and fetal vessel thrombi [21] .
The intrauterine environment in which the twins develop has been suggested to have an important influence on later outcomes and is associated with the site and type of the insertion on the placenta. Unlike twins who have different chorions (DC twins), those who share the same chorion (MC twins) because of limited space may compete against each other for resources provided from the mother. MC twins are prone to adverse outcomes, which have often been attributed mainly to complications caused by placental vascular anastomoses [22, 23] . Very often, perinatal mortality rate is higher in MC twins than in DC twins [24] [25] [26] , whereas the incidence of birth weight discordance is higher in MC twins [27] .
Within the cord are two arteries and one vein-thus, three vessels in total. The two arteries send blood with waste products from the fetus to the placenta, and the umbilical vein sends oxygen and nutrient-enriched blood to the fetus from the placenta. Often, only two vessels are grossly visible: one artery and one vein. Single umbilical artery occurs in approximately 5% of cords in at least one twin, and it occurs more often in fetal demise than in live births [28] . Of infants with a single umbilical artery, 20% or more are reported to have associated fetal anomalies, including cardiovascular abnormalities [28] as well as a variety of renal defects and multiple anomaly syndromes [29, 30] .
Counterclockwise/left or clockwise/right cord twists can be seen as early as the sixth week and are well established by the ninth week of development. Results from a case report by Herman et al. [31] suggested that large numbers of cord twists, causing torsion of the length of the cord, were found in two cases of intrauterine fetal death. Hypertwisted cords have also been associated with intrauterine growth restriction, nonreassuring fetal tracing, and increased rate of emergency cesarean section [6] . Obstetric outcomes and findings from placental examination have revealed that placenta previa, thirdtrimester bleeding, and single umbilical artery [32, 33] are more likely to occur in cases with a clockwise twist compared to those with a counterclockwise twist.
To the best of our knowledge, no study has so far investigated the relative contributions of genetic and environmental influences on the different characteristics of the umbilical cord. Specifically, we set out to examine the genetic and environmental etiology of cord length, insertion, knots, twisting, and number of vessels by employing a genetically sensitive design in a large population of twins.
MATERIALS AND METHODS

Sample
The East Flanders Prospective Twin Survey (EFPTS) has recorded multiple births in the province of East Flanders (Belgium) since 1964. From an initial sample of 6315 twin pairs registered with EFPTS from 1964 to 2002, a total of 205 twin pairs were excluded because of one or two twins being stillborn, and 120 twin pairs were excluded because of congenital malformations. This resulted in 5990 twin pairs, and a total of 11 980 twins, in the final analyses. Placentas were collected at birth and examined by a trained midwife within 48 h after delivery. Fetal membranes were carefully dissected as fully described by Derom and Derom [34] . All parents gave their written informed consent according to the local ethics committee guidelines. This project was approved by the Committee of Medical Ethics of the University of Leuven in Belgium.
Zygosity was determined by sequential sex, placentation, blood groups, and since 1985, DNA fingerprinting. Opposite-sex and same-sex twins with at least one different genetic marker were classified as dizygotic (DZ); MC twins were classified as monozygotic (MZ). For all the same-sex DC twins, a probability of monozygosity was calculated. After DNA fingerprinting, a probability of monozygosity of 0.999 was reached [35] .
Measures
The umbilical cord was examined by a trained midwife at birth. In this analysis, cord length was treated as a continuous variable. The six categories of cord insertions were divided into two groups: central insertion (central, peripheral, and paramarginal) and peripheral insertion (marginal, membrane septum, and membrane peripheral). Because velamentous insertions have been previously associated with poor perinatal outcomes and quite often with fetal hemorrhage [36, 37] , we repeated our analysis after combining the categories central, peripheral, paramarginal, and marginal into the nonvelamentous category and the categories membrane septum and membrane peripheral, which are cases of velamentous insertions on the cord, into the velamentous category. Cord knots were categorized as real knots, false knots, and no knots. Because knotting is more common in monoamniotic monochorionic (MoMo) twins [14] , MoMo twins with cord knots were excluded from the analysis.
Cord twisting was categorized as clockwise, mixed/undefined, and counterclockwise. The number of cord vessels was categorized as two vessels and three vessels. The ordering of the knots and twisting was based on previous literature suggesting that more adverse outcomes are associated with real knots [38] or clockwise twisting [32, 33] whereas the frequency of problems diminish in the other categories.
Genetic Analysis
Intrapair twin correlations and pairwise concordance rates were calculated to examine the genetic and environmental influences on these phenotypes. The correlations of the categorical variables were estimated using the Spearman coefficient [39] , and the correlations of the continuous variable cord length were determined using the Pearson coefficient [40] . Threshold models for cord knots, insertion, number of vessels, and twisting were used assuming an underlying liability scale adjusting to a threshold model of inheritance [41] .
Variance decomposition was applied to the liability for cord knots, insertion, number of vessels, and twisting, leading to an estimate of the heritability of liability [42] . A maximum likelihood fit function was calculated based on raw data using the statistical software package Mx [43] . The estimates of the heritability of the liability are presented with 95% confidence intervals (CIs) and goodness-of-fit statistics for three models: 1) a full ACE model, in which the phenotypic variance is explained by genetic (A), common environmental (C), and nonshared environmental factors (E); 2) a model in which all variance was attributed to genetic and nonshared environmental factors (AE); and 3) a model in which all variance was explained by nonshared and common environmental factors (CE). Reduced models were estimated by removing one of the parameters at a time and rerunning the model. The 138 ANTONIOU ET AL.
goodness of fit of the reduced models was compared to the full model to assess whether the reduced models represented a better explanation of the data using the likelihood ratio chi-square test and the Akaike information criterion. The models were assessed by examining the decrease in the fit of the model; if a parameter could be dropped without a significant decrease in fit, then on the grounds of parsimony, the reduced model was accepted as the best-fitting model [43] .
Gender-Effect Genetic Models
The analysis was further extended to examine possible differences in the etiology of the variations in cord morphology between males and females. We fitted a general-effects (heterogeneity) gender-limitation model, a commoneffects gender-limitation model, and a gender-homogeneity model [43] . By comparing a general heterogeneity model to a common homogeneity model, we investigated whether different genes influence the cord characteristics in males and females. Comparing the common-effects gender-limitation model to a homogeneity model, we tested whether any difference exists in the magnitude of the genetic influences on the etiology of the cord morphology in males and females. Table 1 provides the mean cord length and the percentages for the remaining cord characteristics according to twins' gender, zygosity, and chorionicity. Cord length, knots, and vessels did not differ statistically between DZ, monozygotic dichorionic (MZDC), and monozygotic monochorionic (MZMC) male and female twin pairs. For both male and female twins, cord insertion differed statistically between DZ and MZMC and MZDC twins (P , 0.01), with more central insertions in DZ twins. In males, MZMC twins had significantly more peripheral insertions than MZDC twins (P , 0.01), whereas for females, the peripheral cord insertion was high in both MZMC and MZDC twins compared to DZ twins. A recategorization of the cord insertion into velamentous and nonvelamentous insertions (as described in Materials and Methods) led to results similar to those described above. DZ male and female twins had significantly (P , 0.01) more nonvelamentous insertions compared to the other groups. However, with this categorization, we found that MZDC male and female twins had more velamentous insertions (P , 0.01) compared to MZMC twins. In males, DZ twins had significantly more counterclockwise twisting than MZDC twins, and MZMC twins had significantly more counterclockwise twisting than MZDC twins (P ¼ 0.02). Among female twins, cord twisting did not differ statistically.
RESULTS
The concordance rates for cord length were MZMC ¼ 64%, MZDC ¼ 56%, and DZ ¼ 49%. For knots, the concordance rates were MZMC ¼ 38%, MZDC ¼ 31%, and DZ ¼ 23%. For insertion, the rates were MZMC ¼ 0%, MZDC ¼ 20%, and DZ ¼ 8%. For number of vessels, the rates were MZMC ¼ 8%, MZDC ¼ 24%, and DZ ¼ 7%, and for twisting, they were MZMC ¼ 9%, MZDC ¼ 9%, and DZ ¼ 8%.
The intrapair correlations for each cord characteristic according to twins' gender, zygosity, and chorionicity are presented in Table 2 . For cord insertion, the lower intrapair correlation for female DZ twins (r ¼ 0.04) compared to male DZ twins (r ¼ 0.12) suggests a possible gender effect. The lower intrapair correlation in DZ females (r ¼ 0.16) compared to DZ males (r ¼ 0.24) suggests a possible gender effect for cord knots. For the rest of the cord characteristics, intrapair correlations do not suggest any significant differences between the groups regarding chorionicity or gender effect. Based on the finding that a gender effect may exist for cord knots and insertion, we proceeded with fitting gender-effect models to the data to further investigate the gender influence on cord knots and cord insertion heritability estimates.
Univariate Genetic Analyses
Variance estimates of ACE models and submodels and their 95% CIs are presented in Table 3 , in which the best-fitting model is highlighted. The analysis for cord length suggested that genetic factors explained 30% (95% CI, 23%-37%) of the variance, a common environmental factor explained 32% (95% CI, 26%-38%) of the variance, and a nonshared environmental factor accounted for 38% (95% CI, 35%-40%) of the variance.
For cord knots, genetic factors accounted for 27% (95% CI, 26%-38%) of the variance, common environmental factors explained 23% of the variance (95% CI, 14%-31%), and nonshared environmental factors explained 50% of the variance (95% CI, 46%-53%). For cord insertion, 24% (95% CI, 18%-30%) of the variance was explained by common environmental factors, and nonshared environmental factors explained 76% of the variance (95% CI, 70%-82%).
For cord vessels, 41% (95% CI, 40%-57%) of the variance was explained by common environmental factors, and 59% (95% CI, 43%-77%) was explained by nonshared environmental factors. For cord twisting, 34% (95% CI, 29%-34%) of the variance was explained by common environmental factors, and 66% (95% CI, 66%-71%) of the variance was explained by nonshared environmental factors. 
Gender-Effects Model
DISCUSSION
To our knowledge, the present study, which employed a twin research design with a sample of more than 10 000 twins, is the first to examine the relative contributions of genetic and environmental determinants to the characteristics of the umbilical cord. The heritability analyses suggested that genetic and unique intrauterine environmental factors play a substantial role in explaining the majority of the variation of the cord characteristics.
Heritability Analysis
The length of the cord is thought to reflect fetal movement in utero, often resulting in knotting [44] . Reduced cord length is associated with constraint in utero, which is more likely to evoke intrauterine problems, with the fetus moving randomly within a confined space during pregnancy. Both short and long cords have been associated with hematomas and thrombosis of the cord vessels and the surface of the placenta, which could lead to damage of the fetal central nervous system and sometimes even fetal death. Illustratively, cords from fetuses with Down syndrome, which is normally associated with hypotonicity and reduced fetal movement, tend to be shorter, with fewer coils, compared to those from healthy fetuses [44] . Genetic, common, and unique environmental factors seem to regulate the formulation of cord length and knots. It can be speculated that MZ twins are exposed to a more adverse fetal environment because of different placental circumstances, such as the sharing of one chorion and/or amniotic sacs [45] , which can regulate the length of the cord and the knotting. A knot can constrict the blood vessels and lead to fetal death. If the knot is HERITABILITY OF THE UMBILICAL CORD 140 loose, the fetal circulation is maintained, albeit at a diminished rate. The tightening knot can occlude the circulation between the placenta and fetus and therefore obstruct the circulation of food supply, leading to compromised feeding [46] . One possible mechanism of the genetic effect on knots and length is the influence of a genetic predisposition on the amount of twin movement, which in turn impacts on these characteristics of the intrauterine environment.
For cord insertion and number of vessels, the heritability analysis suggested that environmental factors, both shared and individually unique environmental factors, explain most of the variance in cord characteristics. The site of the placental implantation is thought to be important: The upper part of the uterus is the most favorable area for placental implantation, because it is rich in blood and therefore nutrients and oxygen. The lower part of the uterus, however, is not; thus, more risks are associated with a low implantation [47] . However, certain conditions may predispose to a low implantation. Low implantations of placenta have a strong tendency to migrate upward toward the body and the base of the uterus, which can shift the cord toward a marginal or even velamentous cord insertion [48] . It is believed that the occurrence of marginal cords, with no signs of genetic predispositions, is specific to the vascular supply and peculiarities of an individual's uterus, including uterine scars, infections, or prior pregnancy complications.
Broadly, these results suggest that even in that early stage of life and regardless of the shared environment, individual twin members can uniquely experience situations within the same intrauterine environment. However, for cord insertion, chorionicity seems to be an important factor affecting the insertion (discussed below).
Our results suggest that nongenetic factors affect the twisting of the cord, with shared and nonshared environmental factors explaining most of the variation. Previous research has focused on whether twisting is genetically determined, inherent to the cord itself, or the result of external/extrinsic forces. Fletcher [49] talked about a mechanical rotation in which the cord twists as a result of fetal movement or rotation in early gestation. On the other hand, alternative theories have suggested that twisting is the result of factors inherent to the cord itself. Malpas and Symonds [3] have suggested that the helical structure of the cord results from genetic differences in the direction of the fibers in vessel walls and that a reciprocal action between the vessel walls and flow rate of the fetal blood result in the umbilical cord twist. However, in the present study, the prevalence of cord twisting for MZ twins compared to DZ twins is not much higher, suggesting that there may not be a profound genetic influence on the etiology of twisting. On the contrary, unique factors not shared between the twin pair influence the development of twists. It has been previously suggested that fetal activity can explain cord twisting. Some suggest that an accentuation of the natural narrowing of the Wharton jelly toward the fetus permits excessive movement, whereas others conclude that fetal motion and twisting may cause a focal diminution of the Wharton jelly [8] . If an umbilical cord is twisted, it is more likely to tighten in locations of less resistance, such as an area low in Wharton jelly. A possible explanation for the unique environmental influences on cord twisting may be each twin's different experience of circumstances in utero, such as an area low in Wharton jelly, resulting in the twin's unique motor activity.
The role of the common environmental factors in influencing twisting, however, is not negligible (14% of the cord twisting variation). Often, genes express themselves through the environment. The first environment of the twins is the uterus, where the genes from the parents and the genes of each twin operate. However, in the intrauterine environment, the genetic influence is likely to be shared, which means that it will impact on both twins equally. The intrauterine shared environment may alter the way the twists are demonstrated and formed in the uterus, but the consequences may be unique to individual twin members.
Chorion and Gender Effects
The comparison between MC and DC twins revealed that cord length, knots, and number of vessels were not statistically different between MZMC, MZDC, and DZ twins. In MZMC male and female twins, a peripheral/marginal cord insertion was significantly more prevalent than in MZDC and DZ male and female twins, respectively. This finding is consistent with previous research [19] , suggesting that marginal cord insertion in twin placentas, and especially in MC and DC twin placentas, is higher compared to that in singleton placentas. MC twins, who experience higher intrauterine constraint, may have compromised placental development, resulting in abnormal cord insertion into the placenta, thus increasing the risk of cord vessel rupture [48] . Sharing a chorion may influence the site of placental insertion and therefore produce competition for resources within the pairs. Peripheral cord insertion has been associated with low birth weight [15] ; thus, it is reasonable to accept previous findings supporting the notion that significant discordance in fetal growth may result either from interfetal transfusion or placental insufficiency [27] . Unfortunately, further analyses using a genetically sensitive approach to examine the effect of the chorionicity type on cord insertion could not be performed because of the negative correlations between MZMC twins and MZDC and DZ twins. Additionally, when we repeated the analyses having recategorized cord insertion as velamentous and nonvelamentous, we found that MZDC twins had significantly more velamentous insertions compared to MZMC twins, suggesting that the difference we found between MC and DC twins should be further explored in future studies.
In MZMC male twins, clockwise/right twisting was significantly less prevalent compared to MZDC male twins. For female twins, cord twisting was not statistically significantly different between the three groups. Previous studies comparing right and left twisting have shown that right twisting is associated with more adverse obstetric outcomes [32, 33] . However, our results showed that right twisting is less common in MC twins compared to the other two groups, suggesting that MC placentas may not necessarily imply a qualitatively different environment for the development of twisting and its impact on later growth [15, 50] . It is possible that the development of cord length, number of vessels, and knots in MC twins results from a similar prenatal environment compared to DC twins.
Finally, the results of the gender-effect analysis on the etiology of cord insertion and knots suggested no genderspecific influences. Differences in the magnitude of the genetic influences were measured by comparing models in which variance components were separately estimated for men and women to models in which they were equated across genders. This analysis suggested no difference between the two models and therefore no difference in the magnitude of the gene expression in males and females.
In conclusion, to our knowledge, no previous study has demonstrated the genetic and environmental effects on the variations of umbilical cord pathology and morphology, and this is the first study to report that partly genetic and unique environmental factors influence a number of the morphological characteristics of the overall umbilical cord development. Twins, and the genetic influences on them, can affect their own intrauterine environment, and even in the very early stages of life, twins can experience unique environmental influences.
